ExsA is a transcriptional activator of the Pseudomonas aeruginosa type III 38 secretion system (T3SS) and a member of the AraC/XylS protein family. Each of the 39 ten ExsA-dependent promoter regions that define the T3SS regulon has two adjacent 40 binding sites for monomeric ExsA. Whereas the promoter-proximal sites (binding site 1) 41 contain highly conserved GnC and TGnnA sequences that are separated by ~10 bp, the 42 promoter-distal sites (binding site 2) share no obvious sequence similarity to each other 43 or to the binding site 1 consensus. In the present study we use Fe-BABE footprinting to 44 demonstrate that the two ExsA monomers bind to the P exsC , P exsD , P exoT , and P pcrG 45 promoters in a head-to-tail orientation. The footprinting data further indicate that the 46 conserved GnC and TGnnA sequences constitute binding site 1. When bound to site 1, 47 the first helix-turn-helix (HTH) motif of ExsA interacts with the conserved GnC sequence 48 and the second HTH interacts at or near the TGnnA sequences. Genetic data using the 49 P exoT promoter indicate that residues L198 and T199 in the first HTH motif of ExsA 50 contact the guanine in the GnC sequence and that residue K202, also in the first HTH 51 motif, contacts the cytosine. Likewise, evidence is presented that residues Q248, Y250, 52 T252, and R257 located in the second HTH motif contribute to recognition of the TGnnA 53 sequence. These combined data define interactions of ExsA with site 1 on the P exoT 54 promoter and provide insight into the nature of the interactions involved in recognition of 55 binding site 2. 56 57 58
the first helix-turn-helix (HTH) motif of ExsA interacts with the conserved GnC sequence 48 and the second HTH interacts at or near the TGnnA sequences. Genetic data using the 49 P exoT promoter indicate that residues L198 and T199 in the first HTH motif of ExsA 50 contact the guanine in the GnC sequence and that residue K202, also in the first HTH 51 motif, contacts the cytosine. Likewise, evidence is presented that residues Q248, Y250, 52 T252, and R257 located in the second HTH motif contribute to recognition of the TGnnA 53 sequence. These combined data define interactions of ExsA with site 1 on the P exoT 54 promoter and provide insight into the nature of the interactions involved in recognition of 55 binding site 2. The Gram-negative opportunistic pathogen P. aeruginosa is a significant cause 60 of morbidity and mortality in immunocompromised patients (32, 33) . A primary virulence 61 electroporation and screening was performed on VBMM agar plates containing 20 µg/ml 158
5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal). 159
Libraries of exsA alleles carrying random mutations targeted within recognition 160 helix 1 or 2 were generated using a two-step PCR as previously described with the 161 following modifications (6). In the first step megaprimers were generated by PCR using 162 a common reverse primer (primer 42148424) and a specific forward primer randomized 163 at the nucleotide positions corresponding to codons L198, T199, T200, K202, E203, 164 L204, Q248, S249, Y250, T252, Q253, or S254 (as indicated in Table S2 ). The 165 megaprimers were gel purified (Qiagen Inc), mixed at an equimolar ratio for RH1 (L198, 166 T199, T200, K202, E203, and L204) or RH2 (Q248, S249, Y250, T252, Q253, and 167 S254), and used in subsequent PCR reactions with a common forward primer (primer 168 29590679). The resulting PCR products were cloned into the XbaI-SacI restriction sites 169 of pJN105 and introduced into E. coli DH5α by standard transformation. A plasmid 170 on July 8, 2017 by guest http://jb.asm.org/
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ExsA-DNA Contacts 8 library derived from ~7,000 colonies was isolated as above, introduced into the 171 indicated reporter strains, and screened on VBMM plates with 20 µg/ml X-Gal. 172 Tables S1-S2 show the oligonucleotide primers used for site-directed 173 mutagenesis of exsA and the P exoT promoter. A previously described two-step PCR 174 method was used to generate mutants (6). The exsA mutants were cloned as SacI restriction fragments in the arabinose-inducible expression vector pJN105 (28) . 176
Promoter mutants were cloned as HindIII-EcoRI fragments in mini- and 177 integrated onto the PA1O3 chromosome as previously described (3, 19) , or used as 178 PCR templates to generate DNA probes for electrophoretic mobility shift assays 179 (EMSA) or footprinting experiments. 180
FeBABE conjugation and footprinting. To generate the cysteine-less 181
derivative of the exsA His allele (pET16b exsA His ∆cys) each of the seven cysteine 182 residues in exsA was changed to alanine using the QuikChange Multi Site-Directed 183
Mutagenesis Kit (Stratagene) according to the manufacturer's instructions and the 184 oligonucleotide primers indicated in Table S2 . Novel cysteine residues were then 185 introduced into pET16b exsA His ∆cys at glutamate 193 (E193C), methionine 196 186 (M196C), glycine 244 (G244C), or serine 246 (S246C) using the QuikChange XL Site-187 Directed Mutagenesis Kit (Agilent Technologies) with the primers indicated in Table S2 . 188
ExsA His ∆cys M196C and ExsA His ∆cys S246C were expressed in E. coli and 189 purified by Ni 2+ -NTA chromatography as previously described for ExsA (6). KCl, 2 mM MgCl 2 , 0.1 mM EDTA, and 5% glycerol), 2.5 ng/µl poly(2'-deoxyinosinic-2'-200 deoxycytidylic acid) (Sigma), 100 ng/µl bovine serum albumin (New England Biolabs), 201 and 100 nM ExsA were incubated for 15 minutes at 25⁰C. Cleavage reactions were 202 initiated by the addition of 2.5 µl ascorbate solution (40 mM sodium ascorbate, 10 mM 203 EDTA) for one minute followed by the addition of 2.5 µl H 2 O 2 solution (40 mM H 2 O 2 , 10 204 mM EDTA) for 2 minutes. Cleavage was terminated by adding 5 µl 100 mM thiourea 205 and the DNA was precipitated with sodium acetate and ethanol. The precipitate was 206 suspended in formamide loading buffer (95% formamide, 10 mM NaOH, 0.05% xylene 207 cyanol, 0.05% bromophenol blue) and samples were subjected to electrophoresis on a 208 1X TBE sequencing gel as previously described (6). Imaging was performed using an 209 FLA-7000 phosphoimager (Fujifilm) and Multigauge v3.0 software (Fujifilm). 210
Electrophoretic mobility shift assays (EMSA). The indicated alanine 211 substitution mutants were PCR amplified from their respective pEB124 expression 212 vectors (Table S1 ) using primers 42308574-80815243 (Table S2 ). The resulting PCR 213 products were cloned into the NdeI and BamHI restriction sites in the expression vector 214 pET16b. The proteins were expressed in E. coli Tuner (DE3) as previously described 215 250 µl ExsA buffer (20 mM Tris [pH 8.0], 500 mM NaCl, 1 mM dithiothreitol, and 0.5% 217 Tween 20) containing protease inhibitor cocktail tablets (Complete Mini, EDTA-free, 218
Roche Diagnostics, Indianapolis, IN) and lysing the cells by sonication. The cell lysate 219 was cleared by centrifugation (16,000 x g, 30 min, 4˚C) and the supernatant was 220 immediately aliquoted and flash frozen in liquid nitrogen. The cell extracts were thawed, 221 diluted in DNA binding buffer, and subjected to EMSA experiments as previously 222 described (6) and anti-ExsA immunoblots to determine the level of specific DNA-binding 223 activity for each alanine substitution mutant relative to wt ExsA. Imaging was performed 224 using an FLA-7000 phosphoimager (Fujifilm) and Multigage v3.0 software (Fujifilm) for 225 data analyses. 226
Missing nucleoside footprinting. The missing nucleoside footprinting 227
experiments were performed according to a protocol adapted from Hayes and Tullius 228 (17) . PCR primers (50 pmol) were end-labeled using 20 U polynucleotide kinase (New 229
England Biolabs) and 120 μCi [γ-32 P]-ATP (Perkin Elmer). Reactions were applied to 230
NucAway columns (Ambion) to remove unincorporated [γ-32 P]-ATP. End-labeled P exsD , 231 P exoT , P exsC , and P pcrG promoter probes were generated in a PCR reaction using labeled 232 (above) and unlabeled primer (20 pmol), and the PCR products were gel purified 233 (Qiagen). Nucleosides were randomly excised by treating the probes (16 µl in 1X DNA 234 binding buffer) with 1 µL each of the following solutions for 1 min; 160 mM sodium 235 ascorbate, Fe(II)-EDTA (3.2 mM (NH 4 )2Fe(II)(SO 4 ) 2 x6H 2 O, 6.4 mM EDTA, and 4.8% 236 H 2 O 2 . The reactions were quenched by adding 2 µl 100 mM thiourea. Probes were 237 ethanol precipitated, dissolved in 10 mM Tris-Cl [pH 8.0], 0.1 mM-EDTA, and used in an 238 EMSA reaction as previously described (6). The unbound and ExsA-bound probes 239 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from were excised as a gel slice. Probes were eluted from the gel slices by incubating for 16 240 hr at 37˚C in 0.5 M ammonium acetate, 1 mM EDTA [pH 7.5], 0.1% SDS, and 10 mM 241 MgCl 2 . Eluted probes were ethanol precipitated, washed, dried, suspended in 242 formamide loading buffer, and analyzed on a 6% sequencing gel. 243
244

RESULTS
245
Two ExsA monomers bind to T3SS promoter regions in a head-to-tail 246 orientation. AraC/XylS family members are characterized by the presence of two HTH 247 DNA binding motifs (Fig. 1A) . Each binding motif contains a recognition helix that 248 contacts the target DNA. Amino acid residues that directly contact the target DNA have 249 been determined for a number of AraC/XylS family members and fall within discrete 250 regions of the recognition helices (Fig. 1A) (4, 5, 11, 14, 24, 31) . To define the 251 interaction of ExsA with target DNA we generated structural models based on the 252 crystal structures of MarA and Rob bound to target DNA (Fig. 1B-C system to ExsA we first generated a cysteine-less exsA allele (exsA His -∆cys) by 264 changing the seven native cysteine residues (C15, C50, C102, C121, C139, C261, and 265 C271) to alanine. As shown in Fig. 2A , ExsA His -∆cys activates expression of a P exsD-lacZ 266 transcriptional reporter to levels comparable to wt ExsA. Based on the modeled 267 structure of the ExsA DNA binding domain we then identified amino acid residues 268 positioned within the "turn" regions adjacent to RH1 (E193 and M196) or RH2 (G244 269 and S246) (Figs. 1A-C) and individually changed each to a cysteine. When expressed 270 from a plasmid all four cysteine substitution mutants complemented an exsA mutant for 271 expression of the P exsD-lacZ reporter, albeit with varying degrees of efficiency ( Fig. 2A) . 272
ExsA His ∆cys M196C and ExsA His ∆cys S246C were chosen for subsequent experiments 273 as they possessed the highest levels of activity and were stably expressed in P. 274 aeruginosa ( Fig. 2A) . 275
The ExsA His ∆cys M196C and ExsA His ∆cys S246C proteins were expressed in E. 276 coli, partially purified by Ni +2 affinity chromatography (Fig. 2B ), and conjugated with 277 FeBABE at the unique cysteine residue (referred to as the RH1 and RH2 conjugants, 278 respectively). The RH1-or RH2-FeBABE conjugants were then incubated with 32 P end-279 labeled probes (~200 bp) derived from the ExsA-dependent P exsC , P pcrG , P exsD , and P exoT 280 promoters and subjected to FeBABE-mediated cleavage. Cleavage by the RH1-281
FeBABE conjugant was similar for all four promoters tested with cleavage sites located 282 near the -75 and -50 regions on both the top (Fig. 2C-D , filled circles) and bottom ( (open circles). Cleavage by the RH2-conjugant at binding site 2, however, was only 289 observed for the P exsC and P pcrG promoters where it was centered at -59 and -61 on the 290 top and bottom strands, respectively. The combined RH1 and RH2 cleavage patterns 291 are consistent with our previous data showing the presence of two binding sites for 292 monomeric ExsA on the P exsC , P exsD , and P exoT promoters (6). In addition, the cleavage 293 patterns in binding site 1 indicate that RH1 interacts near the GnC sequence and that 294 RH2 interacts near the TGnnA sequence (Fig. 2D ). It should be noted that the FeBABE 295 cleavage patterns were not expected to perfectly coincide with the GnC and TGnnA 296 sequences because the FeBABE is conjugated to the "turn" regions located adjacent to 297 RH1 or RH2 (Fig. 1B-C) . Finally, the cleavage patterns at the P exsC and P pcrG promoters 298 indicate that the two ExsA monomers bind in a head-to-tail configuration (i.e., in the 299 same orientation) because the RH1-conjugant cleaves upstream of the RH2-conjugant 300 at both binding sites 1 and 2. 301
Recognition helices 1 and 2 of ExsA make specific contacts with the GnC 302
and TGnnA regions of the P exoT promoter. To determine which amino acids within 303 RH1 and RH2 contact the conserved GnC and TGnnA sequences in binding site 1 of 304 the P exoT promoter we screened a library of PCR-mutagenized exsA alleles for gain-of-305 function mutants that could activate P exoT-lacZ transcriptional reporters carrying mutations 306 within the GnC or TGnnA sequences (Fig. 3A) . In the first experiment we utilized a 307 P exoT(C-45A)-lacZ reporter which carries a GnA substitution for the conserved GnC 308 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from sequence. As previously reported, activation of the P exoT(C-45A)-lacZ reporter by wt ExsA is 309 reduced ~14-fold when compared to the wt P exoT-lacZ reporter (6) (Fig. 3B) . The 310 mutagenized ExsA expression library was introduced into the PA1O3 exsA::Ω P exoT(C-311 45A)-lacZ reporter strain and ~20,000 colonies were screened for increased β-312 galactosidase activity on VBMM agar plates containing X-Gal. This approach 313
repeatedly identified a single substitution in RH1 (lysine 202 changed to an arginine 314
[K202R]) that resulted in a 4-fold increase in expression from the P exoT(C-45A)-lacZ reporter 315 and a 3.8-fold reduction in P exoT-lacZ expression (Fig. 3B) . Immunoblotting of whole cell 316 lysates with ExsA antiserum confirmed that the steady state expression level of ExsA 317 K202R was similar to that of wt ExsA (inset in Fig. 3B ). The finding is consistent with 318 the results of the Fe-BABE footprinting data showing that RH1 interacts near the GnC 319 sequence and suggests that K202 in RH1 contacts the -45 cytosine in the P exoT 320
promoter. Note that each of the contacts identified throughout this study will be defined 321 relative to the sequence of the coding (top) strand of the DNA. Although the genetic 322 data cannot differentiate whether the contact is occurring with the coding or noncoding 323 strand, an experiment to address this ambiguity is presented later in Fig. 9 . 324
The above approach involved random mutagenesis of the entire ExsA coding 325 sequence. Since only a single gain-of-function mutant was identified, we used directed 326 mutagenesis to increase coverage of RH1 by generating a library of exsA alleles 327 (Fig. 1A) . The RH1-targeted library was screened as above and 332 again only the K202R substitution mutant demonstrated a gain-of-function using the 333
To identify amino acids that interact with the guanine of the GnC sequence we 335 repeated the screen using the RH1-targeted library and a reporter carrying an AnC 336 (Fig. 3A) 
(6). Activation of the P exoT(G-47A)-lacZ reporter by wt 337
ExsA is reduced ~12-fold compared to the wt P exoT-lacZ reporter (6) (Fig. 3C) . One 338 substitution in RH1 (T199S) resulted in a significant increase (2.9-fold) in β-339 galactosidase expression from the P exoT(G-47A)-lacZ reporter and a corresponding 1.7-fold 340 decrease in expression of the wt reporter. These combined results suggest that 341 residues T199 and K202 in RH1 interact with the conserved GnC sequence. 342
The Fe-BABE footprinting data and the finding that RH1 contacts the GnC 343 sequence suggested that RH2 might contact the TGnnA sequence centered 10 base 344 pairs downstream. To identify amino acids that interact with the adenine of the TGnnA 345 sequence in the P exoT promoter we generated a targeted library of ExsA alleles 346 randomized at the six positions (residues 252-254 and 256-258) in RH2 predicted to 347 make base specific contacts with the promoter (Fig. 1A) . Amino acids that form the 348 conserved hydrophobic core of the HTH motif (residues 251 and 255) or predicted to be 349 buried in the structure of the HTH motif (residues 248-250) were excluded from the 350 library (Fig. 1A) . The initial screens were complicated by the fact that Q253 351 substitutions to valine, leucine, or isoleucine resulted in a super-activation phenotype 352 such that expression from both the wt P exoT-lacZ and P exoT(A-34C)-lacZ reporters was ~10-fold 353 higher than with wt ExsA (data not shown). (Fig. 3D ) and reduced expression (130-fold) of the wt P exoT-lacZ 357
reporter. In contrast, activation of the P exoT(A-34C)-lacZ reporter by wt ExsA is reduced 358 ~70-fold when compared to the wt P exoT-lacZ reporter (6) (Fig. 3D) . These data suggest 359 that RH2 contacts the TGnnA sequence in binding site 1 of the P exoT promoter. 360
Loss-of-contact analyses identify base-specific contacts mediated by T199 361 and K202. To further examine the roles of residues T199, K202, and T252 we 362 employed a genetic loss-of-contact approach, previously used to define base-specific 363 contacts for a number of AraC/XylS proteins for which structural information is 364 unavailable (4, 11, 18). The approach is based on the rationale that a DNA binding 365 protein with an alanine substitution at a residue involved in a critical base-specific 366 contact will be insensitive to the identity of that base. For instance, our data would 367 predict an ExsA T199A mutant to be significantly impaired for activation of the wt P exoT-368 lacZ reporter due to loss of the contact between residue T199 in RH1 and the guanine at 369 position -47. The residual activation of the P exoT-lacZ reporter by the T199A mutant, 370 therefore, should be insensitive to the identity of the base at position -47. Conversely, 371 residual activation by T199A would remain sensitive to promoter mutations that disrupt 372 unrelated base-specific contacts. 373
For these analyses we used a previously generated panel of mutant P exoT-lacZ 374 reporters with nucleotide substitutions at the conserved GnC (G-47A and C-45A) and 375
TGnnA (T-38A, G-37C and A-34T) positions in binding site 1 (summarized in Fig. 4A ) 376 (6). Each of these substitutions results in a significant reduction in ExsA-dependent 377 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from activity (Fig. 4B) . The P exoT(C-50G)-lacZ reporter has a substitution at the non-critical -50 378 position and served as a negative control. We also introduced nucleotide substitutions 379 at positions -39, -36, and -35, which represent conserved but more degenerative 380 nucleotides in the ExsA-binding consensus site (6). Whereas the substitutions at 381 positions -35 and -36 resulted in a significant defect in activation by wt ExsA, the -39 382 mutation had little effect on reporter activity. Based on the latter finding, therefore, we 383 expected both the P exoT(C-50G)-lacZ and P exoT(G-39A)-lacZ reporters to serve as negative 384
controls. 385
To screen for loss-of-contact phenotypes we introduced wt ExsA or the T199A, 386 K202A, and T252A expression plasmids into an exsA::Ω mutant carrying the wt P exoT-lacZ 387 or P exsC-lacZ reporters. The resulting strains were cultured under inducing conditions for 388 T3SS gene expression (low Ca 2+ ) in the absence or presence of arabinose and assayed 389 for β-galactosidase activity. Each of the alanine substitution mutants demonstrated a 390 significant reduction in activation of the wt P exoT-lacZ and P exsC-lacZ reporters when cultured 391 in the absence of arabinose (Table S3) . Growth in the presence of arabinose, however, 392 resulted in a significant increase in reporter activity by the T199A and K202A mutants 393 (Fig. 4C , Table S3 ). The subsequent loss-of-contact analyses, therefore, were 394 performed in the presence of 0.1% arabinose to maximize the sensitivity of the assay. 395
In contrast to T199A and K202A, the activity of the T252A mutant was not significantly 396 recovered by growth in the presence of arabinose. Examination of the steady-state 397 expression levels of wt ExsA, T199A, K202A, and T252A offers an explanation for this 398 since the T252A mutant was poorly expressed (Fig. 4C ). This finding was unexpected 399 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from because the T252S substitution identified in the gain-of-function screen was stably 400 expressed (Fig. 3D) . 401
Although activation of the wt P exoT-lacZ reporter by the T199A and K202A mutants 402 was significantly impaired, both mutants retained residual activity above the vector 403 alone (Table S3 ). This residual activity allowed us to compare T199A-and K202R-404 dependent activation of the wt P exoT-lacZ reporter (normalized to 100% activity in Fig. 5) to 405 each of the mutant P exoT-lacZ reporters. Reporters with bp substitutions in the conserved 406 -45, -38, -37, and -34 positions led to a further decrease in activation by the T199A 407 mutant. This decrease in activity is consistent with loss of a second base-specific 408 contact that further impairs DNA binding (Fig. 5) . In contrast, P exoT-lacZ reporters with 409 substitutions at the non-critical -50 position or at the conserved -47 guanine had activity 410 comparable to the wt P exoT-lacZ reporter (Fig. 5 ). An important prediction is that wt ExsA 411 should be more sensitive to the C-47A substitution relative to the T199A mutant. 412
Comparison of Figs. 4 and 5 shows that the T199A mutant activates both the wt P exoT-413 lacZ and P exoT(C-47A)-lacZ reporters to similar levels. In contrast, activation P exoT(C-47A)-lacZ 414 reporter by wt ExsA is reduced 4-fold relative to the wt P exoT-lacZ . The findings indicate 415 that the T199A mutant is insensitive to the identity of the base at the -47 position and 416 supports our conclusion that T199A makes a base-specific contact with the -47 417
cytosine. 418
A similar result was seen for K202, predicted to contact cytosine -45 by the gain-419 of-function screen. In the loss-of-contact assay, the K202A mutant was relatively 420 insensitive to a substitution at the -45 position in the P exoT-lacZ reporter (50% activity) 421 (Fig. 5) . Importantly, activation by K202A was sensitive to mutations at other critical 422 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from nucleotide positions in the promoter, As expected, wt ExsA is far more sensitive to the 423 C-45A substitution in P exoT (20-fold reduction compared to wt P exoT ) relative to the 424 K202R mutant which demonstrated only a 2-fold reduction (Fig. 4B and 5 ). These 425 combined findings provide strong genetic evidence that ExsA bound to site 1 on the 426 P exoT promoter utilizes residues T199 and K202 to contact the -47 guanine and -45 427 cytosine, respectively. 428
The loss-of-contact approach was also used to examine residue T252, predicted 429 by the gain-of-function screen to contact the adenine at position -34. In contrast to our 430 findings for T199A and K202A, none of the mutant P exoT-lacZ reporters with substitutions 431 in the GnC and TGnnA sequences demonstrated a loss-of-contact phenotype for the 432 T252A mutant (Fig. 5) . We considered the possibility that residue T252 contacts 433 another position in the ExsA-consensus binding sequence by using P exoT-lacZ reporters 434 with substitutions at the less highly conserved -36 and -35 positions and again failed to 435 detect a loss-of-contact phenotype. Curiously, the negative controls demonstrated 436 opposite properties. Whereas activation of the P exoT(C-50G)-lacZ reporter by T252A was 3-437 fold higher than the wt P exoT-lacZ reporter, the activity of the P exoT(G-39A)-lacZ reporter was 438 significantly reduced. While an explanation for this is not evident, it should be noted 439 that the T252A mutant is severely impaired for activation of the P exoT-lacZ reporter ( Table  440 S3). We suspect that the defective nature of the T252A mutant results in 441 hypersensitivity to promoter mutations that only modestly alter binding affinity. In 442 summary, the loss-of-contact findings are not supportive of a role for T252 in base-443 specific recognition of the TGnnA sequence but the T252S gain-of-function phenotype 444 argues otherwise. The interpretation we favor is that T252 participates in base-specific 445 Alanine scanning mutagenesis of RH1 and RH2. While the loss-of-contact 448 approach can be used to confirm base-specific interactions, it can also be used to 449 discover unknown interactions. To determine whether additional residues contribute to 450
ExsA activity we performed alanine-scanning mutagenesis of the remaining residues 451 that constitute RH1 and RH2. Seven alanine substitutions were introduced into RH1 452 and eight substitutions in RH2 using site-directed mutagenesis (Fig. 6A-B) . As in the 453 gain-of-function screen described above, residues F201 and F205 in RH1, and F251 454 and Y255 in RH2, were excluded from the analyses because they form the hydrophobic 455 core of the HTH motifs. 456
Most of the alanine-substituted mutant activated both the P exoT-lacZ and P exsC-lacZ 457 transcriptional reporters to similar levels although some modest differences (≤ 2-fold) 458 existed with L204A, Q253A, S254A, and R258A being most notable (Fig. 6A-B , Table  459 S3). The alanine substitution mutants were classified into three primary groups based 460 on activity relative to wt ExsA; (i) mutants at positions 203, 206 and 207 in RH1 (Fig.  461 6A) and at positions 253 and 254 in RH2 (Fig. 6B ) retained >50% the activity of wt ExsA 462 and were excluded from further consideration, (ii) mutants at positions T200, L204, 463 V208, S249, and R258 had activities in the range of 10-49%, and (iii) mutants at 464 positions L198, Q248, Y250, R256, and R257 were the most severe with <10% the 465 activity of wt ExsA. A trivial explanation for reduced activation by the mutant proteins is 466 that the alanine substitutions render the proteins unstable. To address this possibility 467 we measured the steady-state expression levels using α-ExsA immunoblots. With the 468 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from exception of L204A, however, each of the mutant proteins was expressed at levels 469 similar to wt ExsA (Fig. 6A-B) . 470
The loss of contact approach was applied to each of the alanine substitution 471 mutants that retained <50% activity relative to wt ExsA (Fig. 7) . The only alanine 472 substitution mutant in RH1 to demonstrate loss of base-specificity was L198A whereby 473 activation of the P exoT-lacZ reporter was relatively insensitive to a nucleotide substitution 474 at the -47 position (Fig. 7) and wt ExsA was more sensitive to the G-47A substitution 475 relative to the L198A mutant (Fig. 4B ). Base-specific interactions for the T200A, L204A, 476 and V208A mutants were not detected (Fig S2A) . From this we conclude that the 477 primary specificity determinants in RH1 are residues L198 and T199, which contribute 478 to base-specific recognition of the guanine at position -47, and K202, which interacts 479 with the cytosine at position -45. Two alanine substitution mutants in RH2 480 demonstrated potential interactions with or near the TGnnA sequence. The Y250A 481 mutant was somewhat insensitive to the substitution at position 38 and the R257A 482 mutant was completely insensitive to the substitution at position -37 (Fig. 7) . Base 483 specific interactions for the Q248A, S249A, R256A, and R258A mutants were not 484 detected (Fig. S2B) . 
ExsA-DNA Contacts
22
whole cell extracts were prepared from E. coli expressing either wt ExsA or the 492 indicated alanine substitution mutants. The Q248A mutant, defective for activation of 493 the P exoT-lacZ and P exsC-lacZ reporters but lacking a loss-of-contact phenotype, was 494 included as a control. The extracts were then normalized for ExsA content (Fig. 8,  495 lower panel) and incubated with a radiolabeled P exsC promoter probe and a non-specific 496 control probe, and analyzed by electrophoretic mobility shift assays. As shown in Fig. 8  497 (upper panel), purified ExsA His and the E. coli extracts containing either wt ExsA or the 498 Q248A mutant bound specifically to the P exsC promoter probe resulting in the formation 499 of shift product 2 which represents ExsA bound to binding sites 1 and 2. None of the 500 remaining extracts, however, possessed specific DNA binding activity. Subsequent 501 titrations of the extracts indicate that the DNA-binding activity of the L198A, T199A, 502 K202A, Y250A, and R257A mutants is at least 12-fold lower than that of wt ExsA. 503
These findings indicate that reduced activation of the P exoT-lacZ and P exsC-lacZ reporters by 504 these mutants results from a primary defect in DNA binding activity. This finding, 505 however, does not exclude the possibility that some mutants also possess defects in 506 recruitment of RNA polymerase that further contribute to reduced expression of the 507 P exoT-lacZ and P exsC-lacZ reporters in vivo. In fact, impaired recruitment of RNA 508 polymerase most likely accounts for the phenotype of the Q248A mutant, which has 509 DNA-binding activity similar to wt ExsA but a 50-fold defect in activation of the P exoT-lacZ 510 reporter (Table S3) . 511
Strand specific contacts by RH1 and RH2. The data presented above define 512 several base-specific contacts with the P exoT promoter region but could not differentiate 513 whether the contacted nucleosides are located on the top or bottom strands of the DNA. 514 on July 8, 2017 by guest http://jb.asm.org/
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To address this question we used the missing nucleoside footprinting approach (17). 515
For this technique nucleosides are randomly excised from end-labeled promoter probes 516 through brief exposure to hydroxyl radicals. The treated probes are then used in an 517 EMSA reaction, and the ExsA-bound and unbound probes are excised and separated 518 on a sequencing gel to identify nucleosides important for ExsA binding. Comparison of 519 the ExsA bound and unbound samples yielded complimentary data whereby the most 520 prominent bands in the unbound samples were reduced or absent from the ExsA bound 521 samples for both the P exsC and P pcrG promoter probes (Fig. 9) . The identity of the bands 522 in the unbound samples indicate that binding of ExsA to site 1 requires the -38 thymine 523
and -39 guanosine on the top strand, and the -34 thymine on the bottom strand. 524
Although the pattern was not as clear with regards to the GnC sequence, the data for 525 the P pcrG promoter suggests that ExsA binding requires the guanosines at positions -47 526 and -45 on the top and bottom strands, respectively. This interpretation is consistent 527 with the molecular modeling data shown in Fig. S3 , which predicts that residues L198 528 and T199 in RH1 interact with the -47 guanosine on one strand, and that K202 interacts 529 with the -45 cytosine on the opposite strand. Despite repeated attempts to footprint the 530 P exoT and P exsD promoter probes using the missing nucleoside approach, our efforts 531 were unsuccessful and we suspect this reflects a sensitivity issue related to the low 532 yield of shift product 2. Previous EMSA experiments using P exsC and P pcrG promoter 533 probes found that the yield of shift product 2 (i.e., ExsA bound to both sites 1 and 2) is 534 much higher than when using the P exoT and P exsD promoter probes (6). 
In the present study we tested the hypothesis that the RH1 and RH2 recognition 538 helices of a single ExsA monomer interact with the GnC and TGnnA sequences in 539 binding site 1. Using Fe-BABE footprinting we found that the ExsA monomers are in the 540 same orientation (i.e., head-to-tail) when bound to sites 1 and 2 on the P exoT , P exsC , 541 P exsD , and P pcrG promoter probes (Fig. 2C) . This binding configuration is also seen with 542 other AraC family members that function as class II activators including AraC, MelR, 543
ToxT, and XylS, although variations on this theme can occur at different promoters (11, 544 14, 26, 43) . A previous study found that cooperative binding by ExsA and efficient filling 545 of site 2 is dependent upon self-association between the ExsA monomers (8). ExsA 546 self-association occurs through interactions mediated by the amino-terminal domain. 547
The crystal structure of the AraC dimerization and ligand binding domain indicates that 548 dimerization occurs in a head-to-head orientation (38). Assuming that ExsA monomers 549 also associate in a head-to-head orientation, the amino-terminal domain of one ExsA 550 monomer would have to be rotated 180° relative to the carboxy-terminal DNA binding 551 domain to allow for both monomers to bind in a head-to-tail orientation. This is 552 consistent with a previous study suggesting that the amino-and carboxy-terminal 553 domains of ExsA are connected by a flexible linker region located between residues 554 149-157 (8). That study found that amino-and carboxyl-terminal domains could be 555 separated at the predicted linker region and still retain function. Whereas the amino-556 terminal domain mediates ExsA self-association and ExsD binding, the carboxy-terminal 557 domain retains DNA-binding activity and the ability to recruit RNA polymerase to the 558 promoter. This linker region likely confers the flexibility required to dimerize in a head-559 to-head orientation and still bind DNA in a head-to-tail orientation. 560 on July 8, 2017 by guest http://jb.asm.org/
In addition to establishing the orientation of the bound ExsA monomers, the Fe-561 BABE footprinting data also defined the general location of the RH1-and RH2-mediated 562 contacts at binding site 1 (Fig. 2D) . Cleavage by the RH1 conjugant was located 1-5 bp 563 upstream of the GnC sequence on the top strand of the promoter probes and 3-7 bp 564 upstream of the GnC sequence on the bottom strands. Although the RH1 cleavage 565 patterns could alternatively be described relative to the adenine-rich region (i.e., 566 immediately downstream), three pieces of data indicate that RH1 contacts the GnC 567 sequence as opposed to the adenine-rich region. First, the modeled structure of ExsA 568 bound to DNA indicates that the "turn" region is located amino-terminal to RH1 (Fig.  569   S4A ). For this reason we expected and observed that the RH1 conjugant cleaves on 570 the upstream (5') side of the GnC sequence (Fig. 2) . Second, the gain-of-function 571 mutants and genetic loss-of-contact data indicate that RH1 makes base-specific 572 contacts with the GnC sequence (Figs. 3-4) . Finally, the midpoints of RH1 and RH2 573 cleavage on the top strand of the promoter are separated by ~11 bp at binding site 1. 574
This spacing is typical of promoter elements recognized by the two recognition helices 575 of a single AraC/XylS subunit (11, 29) . 576
Cleavage by the RH2 conjugant at binding site 1 coincided with the TG portion of 577 the TGnnA sequence on the top strand of the promoter probes, and at two locations 578 positioned 2-4 bp upstream and downstream of the TGnnA sequence on the bottom 579 strand (Fig. 2C) . The two areas of cleavage on the bottom strand are separated by 580 almost a full helical turn of the DNA or ~34 angstroms. This finding might indicate that 581 the residue conjugated with Fe-BABE (S246) is positioned equidistant from both areas 582 of cleavage since the outer limit that the Fe-BABE generated hydroxyl radicals can 583 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from diffuse before being neutralized by water is ~17 angstroms (12, 30) . Another possible 584 explanation for the bipartite cleavage pattern is that the previously observed ExsA-585 dependent bending of the promoters (8) brings both regions close enough to permit 586 cleavage by the RH2 conjugant. 587
The cleavage pattern generated by the RH2 conjugant indicates that RH2 does 588 not closely interact with binding site 2 at the P exsD and P exoT promoters. The MarA and 589
Rob crystal structures bound to target DNA demonstrate two distinct binding modes, 590 which could explain the lack of interactions detected for ExsA at binding site 2 (24, 31). Chemical footprinting and mutational data show that a dimer of AraC uses both modes 597 to bind the araI site (5, 18, 29) . Whereas one molecule of the AraC dimer binds the 598 upstream araI 1 sites like MarA, the other molecule binds the downstream araI 2 site like 599
Rob. In an analogous scenario, our data indicate that ExsA binds to site 1 in all of the 600 promoters like MarA with both helices fully inserted into the DNA. Binding to site 2 at 601 the P exsD and P exoT promoters, however, may more closely resemble the binding 602 properties of Rob. 603
Having determined that ExsA interacts at or near the GnC and TGnnA 604 sequences, we utilized gain-of-function screens and loss-of-contact analyses to identify 605 amino acid residues in RH1 and RH2 involved in making base-specific contact with 606 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from DNA. Combined data from those studies make for a compelling case that residues 607 L198, T199, and K202 in RH1 are the primary, and possibly only, residues involved in 608 base-specific recognition of the GnC sequence (Figs. 3 and 5) . The finding for T199A is 609 in agreement with previous studies of AraC, MelR, RhaS, XylS, Rob, and MarA, each 610 reporting that the residue equivalent to T199 participates in base-specific interactions 611 with target DNA (Fig. 1A) . Similarly, the equivalent of residue K202 in Rob and MarA 612 also interacts with target DNA. Based on our findings we asked whether the MarA-DNA 613 complex structure could be used to more precisely model the interaction of ExsA with 614 the P exoT promoter at binding site 1. MarA was chosen because binding of an ExsA 615 monomer to binding site 1 of the P exoT promoter bends the DNA to a similar angle as 616 seen in the MarA-DNA complex structure (8, 31) . Assuming that the -47 guanine is the 617 nucleotide closest to residue T199, we indeed found that L198 is also positioned 618 favorably to interact with the -47 guanine and that K202 is oriented towards the -45 619 base pair with the side chain pointing to the opposing strand (Fig. S3A) . These finding 620 are consistent with the missing nucleoside footprinting data at the P pcrG promoter (Fig.  621   9) . 622
In comparison to RH1, interpreting the gain-of-function and loss-of-contact data 623 for RH2 was not as straightforward. The only gain-of-function mutant identified in RH2 624 was T252S, specific for the -34 adenine of the TGnnA sequence. The T252A mutant, 625 however, was poorly expressed and failed to demonstrate a base-specific interaction in 626 the loss-of-contact analyses. Although there is no evidence that the corresponding 627 residue participates in base-specific interactions for other AraC/XylS family members, 628 the equivalent of ExsA residue 253 in XylS and MarA is important for DNA recognition 629 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from (Fig. 1A) (11, 31 ). An alternative explanation for the T252S gain-of-function phenotype 630 is that T252 normally functions to stabilize a neighboring residue involved in base-631 specific interactions. Under this scenario, however, a loss of contact phenotype would 632 still be expected through secondary effects on the neighboring residue. Nevertheless, a 633 role for protein stability is indicated through the observation that the conservative T252S 634 substitution had no effect on protein stability whereas the T252A substitution resulted in 635 a significant decrease in steady state expression levels. Based upon our combined 636 data we conclude that T252 is involved in a base-specific contact with the -34 adenine 637 but cannot distinguish whether the effect of the T252A substitution is direct or indirect. 638
Attempts to isolate gain-of-function mutants specific for the thymine or guanine of 639 the conserved TGnnA sequence were unsuccessful. One possible reason is that the 640 specific promoter substitutions used in the screens (P exoT(T-38A)-lacZ and P exoT(G-37C)-lacZ ) 641
were not exhaustive and may not have been permissive for isolating gain-of-function 642 mutants. Another important point to consider is that ExsA-dependent activation of the 643 P exoT-lacZ reporter is dependent upon occupation of both binding sites 1 and 2 (6). For 644 this reason we expected gain-of-function mutants to be difficult to isolate since the 645 mutant proteins would have to bind both the native sequence at binding site 2 and the 646 mutant sequence at site 1. In fact, when compared to activation of the wt P exoT-lacZ 647 reporter by wt ExsA, neither the T199S, K202R, nor T252S mutants actually 648 demonstrated increased activation of their cognate reporters when compared to the wt 649 P exoT-lacZ reporter (Fig. 3B-D) . The simplest interpretation of this finding is that the gain-650 of-function for each mutant protein at binding site 1 is offset by reduced function at site 651 wt ExsA. An equally plausible explanation, however, is that reduced activation by the 653 T199S, K202R, and/or T252S mutants results solely from suboptimal interactions at 654 binding site 2. 655
The Y250A and R257A mutants each demonstrated a significant defect in DNA 656 binding activity and a potential interaction with the TGnnA sequence in the loss-of-657 contact experiments (Fig. 7-8) . The Y250 residue is predicted to interact with position 658 -38 (adenine) in the P exoT promoter. Involvement of Y250 is consistent with previous 659 studies demonstrating that the equivalent of residue Y250 in MelR, XylS, and MarA also 660 participates in base-specific recognition of target DNA (Fig. 1A) . Missing nucleoside 661 footprinting data indicated that Y250 interacts with the coding strand (Fig. 9) , a finding 662 that is supported by with the modeling data presented in Fig. S3B which also indicates 663 that the Y250 side chain is orientated towards the -38 adenine. The loss-of-contact 664 data for R257 were suggestive of an interaction with the -37 position (Fig. 7) . Assuming 665 that Y250 and T252 interact with the -39 and -34 positions, however, it is difficult to 666 explain how residue R257, located at the far end of the recognition helix (Fig. 1A) , could 667 interact with the -37 position. The modeling data also indicate that R257 is located too 668 far away from the -37 position to participate in a direct interaction (data not shown). The 669 model does suggest that R257 could interact with residue Q253, which is a prime 670 position to bind to the -37 site. The Q253A mutant, however, had only a modest defect 671 in activation of the wt P exoT-lacZ and P exsC-lacZ reporters. We conclude that the MarA-DNA 672 complex is only a fair model of the interactions between RH2 and the TGnnA sequence. 673
Ultimately, structural studies will be required to fully understand the nature of the 674 contacts occurring at the TGnnA sequence. 278) was threaded onto the crystal structure of MarA (residues 1-127) or Rob (residues 823 1-121) using the PHYRE 0.2 server (www.sbg.bio.ic.ac.uk/~phyre/), and the predicted 824 structures were visualized using the PyMOL Molecular Graphics System 825 (www.pymol.org). Residues located within the "turn" regions of RH1 and RH2 (M196 826 and S246) that were changed to cysteine for the FeBABE footprinting experiments in 827 
